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Outline

• Introduction	to	Next	Generation	Sequencing	
Technologies

• Mapping	Algorithm	– Burrows-Wheeler	
Algorithm

• Tools	to	Analyze	and	Visualize	NGS	data



The	Sequence	Explosion



(Now,	$1500	
per	genome)





Illumina	Next	Generation	Sequencing	
Technology	(Sequencing-by-Synthesis)

Sequencing 
Adapter







(2009)



Challenges: Short Reads Alignment 
(or Mapping problem)

• Speed
– How to map millions of short reads against a 

reference genome (practicality)
• Strategic

– How to avoid mapping a read to multiple 
regions in the genome (confidence)



Short	Reads	Mapping	Tools



Two	Strategies



Burrows-Wheeler	Algorithm



Bowtie and BWA

(Cited > 16200)
(Cited > 12870)



Burrows-Wheeler	Transform	(BWT)
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BWT(BANANA) = 

ANNB$AA

Text transform that is useful for compression & search.

Tends to put runs of the same character 
together.

Makes compression work well.

“bzip” is based on this.

(Adapted from CMSC 858s: Computational Genomics slides by Carl Kingsford) 



Burrows-Wheeler	Transform	(BWT)
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BWT Algorithm

• BWT useful for searching and 
compression.

• BWT is invertible: given the BWT of a 
string, the string can be reconstructed.

• BWT is computable in O(n) time.
• Even after compression, can search string 

quickly.

(Adapted from CMSC 858s: Computational Genomics slides by Carl Kingsford) 



TopHat

(Cited > 7900)



Cufflinks

Nature Biotechnology 2010. 28 (5), 511-515
(Cited > 7200)



Bowtie/TopHat/Cufflinks	Workflow

(Cited > 5600)



Tuxedo Workflow for RNA-seq Analysis

DEG Analysis:
SAM/limma etc 

Gene Set 
Enrichment 

Analysis

Predictive 
Classifier 

Development

Network 
Inference

Transcript	expression	is	quantified	in	FPKM	(fragment	per	kilobase of	exon	per	
million	mapped	reads)



HISAT 

(Cited > 1150)



StringTie

(Cited > 520)



Ballgown

Ballgown can function as a bridge between upstream assembly tools, such as
Cufflinks, and downstream statistical modeling tools in Bioconductor. The
Ballgown suite includes functions for interactive exploration of the transcriptome
assembly, visualization of transcript structures and feature-specific abundances
for each locus and post hoc annotation of assembled features to annotated
features. Direct availability of feature-by-sample expression tables makes it easy
to apply alternative differential expression tests or to evaluate other statistical
properties of the assembly, such as dispersion of expression values across
replicates or genes. The Tablemaker preprocessor writes the tables directly to
disk, and they can be loaded into R with a single function call. The Ballgown and
Tablemaker software packages are available from Bioconductor and GitHub

(Cited > 90)



RNA-seq: Adapted 
Bowtie/TopHat/Cufflinks Workflow

(Cited > 250)



Applications of NGS
• Whole Genome Sequencing 
• Exome Sequencing
• Genetic Variations
• Transcriptome variations (gene expression, 

isoforms, gene fusions)
• Gene regulations (TF binding sites, PolII binding 

patterns, miRNA-mRNA interactions etc)
• Epigenetic (nucleosome positioning, genome-wide 

methylation patterns etc)
• Other functional genomics screens (shRNAs, 

siRNAs, etc)



RNA-seq
• Using NGS to sequence transcriptome

(complete set of transcripts in a cell)
• Goals:

– Discover full set of transcripts 
large & small RNA, coding and non-coding, 
novel transcripts, gene-fusion transcripts, sense      
and antisense transcripts, alternative splicing

– Compare experimental conditions
Differential expression (gene, isoform, splicing)

Figure 5 Pepke et al. (2009) Nature Methods

Oshlack et	al.,	(2010)	Genome	Biology	11:220
Ozsolak &	Milos	(2011)	Nature	Reviews	Genetics	12:87-98
Garber	et	al.,	(2011)	Nature	Methods	8:





Comparison	of	RNA-seq and	Microarray





Transcriptome Assembly
• Ab initio (reference-based) 

– Align reads to genome
• Unspliced aligners (e.g., BLAT, Bowtie)
• Splice-aware aligner (e.g., GSNAP, TopHat)

– Cluster overlapping reads to build a 
graph

– Traverse graph to identify isoforms 
(e.g., Cufflinks, Scripture)

• De novo (without reference)
– De Bruijn graph-based approach 

(e.g., transAbyss)
• Combined strategy 

– e.g., reference genome quality, 
major rearrangements – cancer cells

• Assembly Quality
– Use set of well-established 

transcripts for comparison (different 
expression levels)

Figure 1 Haas & Zody (2010) Nature Biotechnology



TopHat-Fusion

(Cited > 450)



ChIP-seq

• ChIP (Chromatin-immunoprecipitation) + 
next-generation sequencing (NGS)

• Goals: Map protein-DNA interactions
genome-wide

– RNA polymerase function
– transcription factor binding
– histone modifications
– nucleosome positioning

Figure 2 Shah (2009) Nature Methods

Park	(2009)	Nature	Reviews	Genetics	10:669-680
Pepke et	al.	(2009)	Nature	Methods	6:S22-S32
Leleu et	al.	(2010)	Brief	in	Funct Genomics	9:466-76
Ma	&	Wong	(2011)	Methods	in	Enzymol 497:51-73



File	Format

SCARF

FASTQ

SAM

BAM

VCF

GTF

BED WIG

Single-End

Paired-End

PILEUP

Mapping

Input for 
Visualization 

Tools

QC Visualization

5.2 GB

3.3 GB

4.5 GB

696 MB



Illumina Sequencing Output
@HISEQ:64:C1VDJACXX:5:1:2:836#0/1:CATACAAGTTGTTTGTACTATAGNTGTTTTTGAATT:aabaaaa^abaaba^_]_aaaXPD\^_aaa`Y]_aa
@HISEQ:64:C1VDJACXX:5:1:2:717#0/1:TCTGTTCCAGATTCTAAGGGCATNGTCTTTTTGAAT:aa^]]`\_^[Y_`^aZP^VZV[SDLZ^aa__^^\Ya
@HISEQ:64:C1VDJACXX:5:1:2:188#0/1:TAAGAAGAAAGATGCATAGGTACNATATTTTTGAAT:a``Z[^Y^`\\\^[\^][WNTWNDS_[^_^^[OWY_
@HISEQ:64:C1VDJACXX:5:1:2:1262#0/1:CACTTACAAACAAGGAATGTTGGNCGGTTTTTGAAT:a`ababaabaaaa_``aa``_ULDXZ_^aaa`O_aa
@HISEQ:64:C1VDJACXX:5:1:2:1046#0/1:CTAAGATGGCCTAAGAGTAGACTNACTTTTTTGAAT:abb`Xa`Z_aabaaa`]__Z^`\D\`aaaaaa^aab
@HISEQ:64:C1VDJACXX:5:1:2:748#0/1:CTACATAACATAGAAGTTGGATTNCTCTTTTTGAAT:abba_b`abaaaa\^a``\SQ[OD[aVabaaa_aaa
@HISEQ:64:C1VDJACXX:5:1:2:221#0/1:ATTTCTTGACTTGGATAGAGTTANGTATTTTTGAAT:abba`a`W]^aa]XYa\^TTZ_NDTZ[aaaa_NX]a
@HISEQ:64:C1VDJACXX:5:1:2:664#0/1:CTAACTAGATAGAACTTTGGGGANAAATTTTTGAAT:abbbab\bbba^`a`bV`^``]ZDV]]abaa^X^aa
@HISEQ:64:C1VDJACXXn:5:1:2:197#0/1:CTTCTAGCCCTGGTTTGGGCAGCNGATTTTTGAATT:a_Q^abbaa_b`^``aU_aaaaUDNO^bbab_``Yb
@HISEQ:64:C1VDJACXX:5:1:2:1391#0/1:ATAACTGAGATAAGCTACCGAACNAACTTTTTTAAT:ab`aaa`aaaaa]_`aaa`Y^`RD[___^^`XGQZ_
@HISEQ:64:C1VDJACXX:5:1:2:561#0/1:CACTTCCATCCCAAGTCGTAGCCNAGAGTTTTTGAA:ababab`abaaaaaaa`aaaV_XD[YZX[aaa_O[_

@HISEQ:64:C1VDJACXX:5:1:2:836#0/1
CATACAAGTTGTTTGTACTATAGNTGTTTTTGAATT
+
aabaaaa^abaaba^_]_aaaXPD\^_aaa`Y]_aa
@HISEQ:64:C1VDJACXX:5:1:2:717#0/1
TCTGTTCCAGATTCTAAGGGCATNGTCTTTTTGAAT
+
aa^]]`\_^[Y_`^aZP^VZV[SDLZ^aa__^^\Ya
@HISEQ:64:C1VDJACXX:5:1:2:188#0/1
TAAGAAGAAAGATGCATAGGTACNATATTTTTGAAT
+
a``Z[^Y^`\\\^[\^][WNTWNDS_[^_^^[OWY_
@HISEQ:64:C1VDJACXX:5:1:2:1262#0/1
CACTTACAAACAAGGAATGTTGGNCGGTTTTTGAAT
+
a`ababaabaaaa_``aa``_ULDXZ_^aaa`O_aa
@HISEQ:64:C1VDJACXX:5:1:2:1046#0/1
CTAAGATGGCCTAAGAGTAGACTNACTTTTTTGAAT
+
abb`Xa`Z_aabaaa`]__Z^`\D\`aaaaaa^aab

(scarf format)

(FASTQ format)



FASTQ Format

Sequence:

QSolexa :

Sequence:

Qphred :

0	≤	Qphred ≤	40 (Perfect)(Worst)

@unknown_5_1_2_717#0/1
TCTGTTCCAGATTCTAAGGGCATAGTCTTTTGAATT
+
33 33 30 29 29 32 28 31 30 27 25 31 32 30 33 26 16 30 22 26 22 27 19 5 12 26 30 

@HISEQ:64:C1VDJACXX:5:1:2:717#0/1:
TCTGTTCCAGATTCTAAGGGCATNGTCTTTTTGAAT
+
aa^]]`\_^[Y_`^aZP^VZV[SDLZ^aa__^^\Ya

unknown the unique instrument name

5 flowcell lane

1 tile number within the flowcell lane

2 'x'-coordinate of the cluster within the tile

717 'y'-coordinate of the cluster within the tile

#0 index number for a multiplexed sample (0 for no 
indexing)

/1 the member of a pair, /1 or /2 (paired-end or mate-pair 
reads only)p



Quality	Score

• Illumina 1.3+ FASTQ : 
– Phred scores with ASCII offset of 64 
– Phred scores from 0 to 62
– From the raw score p(scarf file), 

QSolexa = ascii(p) – 64

e.g., ascii (b) = 98, Qphred = 34

A	quality	value	Q	is	an	integer	mapping	of	p	(i.e.,	the	probability	that	the	
corresponding	base	call	is	incorrect).	

ASCII



FASTQ	QC	Visualization
Per	base	sequence	quality

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/ (Slides from Tzu Phang)



Duplication	Level

Sequence	Characteristic	/	Duplication	Level
(Slides from Tzu Phang)



Over-represented	Sequences

(Slides from Tzu Phang)



NCBI
Map ViewerEBI

Ensembl

Genome Browsers

UCSC
Genome Browser

Wang,	J.	(2013).	A	brief	
introduction	to	web-based	
genome	browsers.	Briefings	in	
bioinformatics,	14(2),	131–143

(Slides from Tzu Phang)



UCSC Genome 
Browser

(Slides from Tzu Phang)



43

Click annotation track item 
for details pages 

Not all genes have 
This much detail.

Different 
annotation tracks 

carry different data.

informative
description
other resource links

microarray data

mRNA secondary structure

links to sequences

protein domains/structure

homologs in other species

Gene Ontology™ descriptions

mRNA descriptions

pathways
(Slides from Tzu Phang)



UCSC	Genome	Browser
✔Pretty	of	annotation	to	browse
✔Not	species	specific
✔Retrieve	annotation	/	data

✘Not	dynamic	– need	refresh
✘Not	NGS	data	friendly
✘Graphic	render	in	server,	slow

However	– still	very	useful	to	build	customized	
genome	browsers	…

(Slides from Tzu Phang)



Thorvaldsdottir,	H.	(2013).	Integrative	
Genomics	Viewer	(IGV):	high-performance	
genomics	data	visualization	and	exploration.	
Briefings	in	bioinformatics,	14(2),	178–192.

A desktop application for integrated visualization of multiple data 

types and annotations in the context of the genome

What is IGV

Microarrays
Epigenomics

RNA-Seq
NGS	alignments

Comparative	genomics

(Slides from Tzu Phang)



(Slides from Tzu Phang)



(Slides from Tzu Phang)



(Slides from Tzu Phang)



(Slides from Tzu Phang)



(Slides from Tzu Phang)



(Slides from Tzu Phang)



(Slides from Tzu Phang)



IGV

✔Locally	installed;	locally	render
✔Very	Dynamic;	zooming,	panning,	…
✔Customizable
✔Very	NGS	data	friendly
✔Not	much	analysis

(Slides from Tzu Phang)



Defining	the	Genomics	Landscape	of	Cancer

MR	Stratton	et	al.	Nature 458,	719-724	(2009)

http://circos.ca/



Nature	Reviews	Genetics
http://www.nature.com/nrg/series/nextgeneration/index.html

http://www.nature.com/nrg/series/nextgeneration/index.html



Take Home Message
• NGS is a powerful technology to generate 

single base resolution for quantifying gene 
expression, detecting SNP (and other 
mutations), specifying TF/RNA/Protein-
DNA interactions and methylation 
(globally)

• Innovative bioinformatics tools have been 
developed to analyze and interpret these 
massive “omics” data


